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Abstract 
Considerably less research is found on tolerance specifications compared to research on tolerance analysis and synthesis. Where tolerance 
analysis and synthesis often can be completely understood based on technical input we argue that an extended research approach is needed to 
understand tolerance specification complexity. We have aimed to understand the Research Question (RQ) “How does variation analysis 
support tolerance specification during collaborative Product Development (PD)”? For this case study of the Product Development Process 
(PDP) of a rocket motor within the defense industry we have used interviews, observations, participation and secondary sources during data 
gathering. We found that collaborative gathering of input for the simulation generates useful knowledge for the project at an early stage. 
Further, that swiftly and precisely done variation analysis generates output supporting frequent and cross functional communication on 
tolerances. We see the enabled fact based decision making as an important factor to PD success. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of “24th CIRP Design Conference” in the person of 
the Conference Chairs Giovanni Moroni and Tullio Tolio. 
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1. Introduction 
Many readers will recognize the following true stories 
related to tolerances from their own product development 
context. Design engineer: “You can't hold our tolerances”. 
Manufacturing engineer: “No. We don't. And the product 
works just fine”. And other way round; Manufacturing 
engineer: “Why did you make the tolerances so tight? We're 
scrapping most of the parts”. Design engineer: “We didn't 
think you would really try to hold the tolerances we actually 
need, so we tightened them”. Few research contributions have 
aimed to understand the underlying reasons for this mismatch 
between departments on tolerances, and even less have 
provided practical solutions on this topic. We searched to 
understand this effect and followed the use of a variation 
analysis software tool throughout a collaborative product 
development project. In this process we applied the research 
model of Closed Loop Tolerance Engineering (CLTE). 
2. Theoretical Background 
It is stated by [1], there is “probably no other design 
improvement effort which can yield greater benefit for less 
cost than the careful analysis and assignment of tolerances”.  
2.1. Traditional Tolerance Engineering 
The comprehensive review on tolerancing research by [2] 
states that “a tremendous number of research articles have 
been published over the last 30 years”. The seven categories 
of (i) schemes, (ii) modelling, (iii) specification, (iv) analysis, 
(v) synthesis, (vi) transfer and, (vii) evaluation organizes the 
tolerancing research. Schemes handle different approaches to 
represent and communicate limits of parameters. Including; 
not yet fully abandoned dimensional (+/-) tolerances [3], more 
precise and efficient Geometrical Dimensioning & 
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Tolerancing (GD&T) [4] and more novel principles of 
Geometric Product Specification (GPS) [5] which is lately 
implemented in standards [6] and applied in recent research 
[7], [8]. Modelling seeks for efficient ways of defining and 
representing tolerance information typically within CAD or 
PDM systems. Challenges of communicating tolerancing 
information across different IT-systems are identified [9], 
attempts have been made to overcome them [10], and 
industrial needs are yet not fully fulfilled [11]. Analysis seeks 
to assure and confirm design functionality for a given 
variability of individual parts. Newer reviews [12] show few 
additional contributions compared to [2] which indicates a 
relatively low current research focus with some exceptions 
[13], [14]. Synthesis (aka allocation) is opposite to “Analysis” 
as it aims to optimize tolerance values often towards a 
function (i.e. cost) while the tolerance types are fixed. Both 
historical [2] and recent [15], [16] reviews report a rich set of 
applications. Finding a correct transfer function for 
optimizing complex industrial problems is frequently seen as 
a challenge [17]. Transfer aims to base tolerancing 
considerations on actual manufacturing knowledge. The ideas 
of early rigorous manual process charting methods [18] are 
now computerized in various commercial solutions [19] and 
even attempted to be linked to Key Characteristics of a 
product [20]. Several attempts on good practical 
implementation of tolerance transfer across the CAx-
bandwidth (CAD/CAPP/CAM) are known [21] but still not 
completely solved [11]. An industrial breakthrough on 
tolerance transfer is long awaited and expected due to 
achievements within standardization [22] and novel principles 
of schemes [5]. Successful transfer is so dependent on other 
tolerancing activities as well. Evaluation deals with how 
geometrical deviations can be obtained from various 
measurement sources (i.e. Coordinate Measurement Machines 
(CMM)) with the purpose of discovering inspection 
inconsistencies and so to improve tolerancing. Linking 
metrology with tolerancing has over time occupied Computer 
Aided Tolerancing (CAT)-research, and been summarized 
[23], and lately been united with GPS-principles [24] in 
various applications [25].  
2.2. Tolerances within PD literature 
The complex task of PD which includes several 
participants and numerous activities has yielded a rich set of 
theories [26], models [27], and recommendations [28] which 
has been summarized in various reviews [29], [30], [31]. The 
classic book on PD [32] lists no less than 120 models, where 
only a few focus directly on tolerancing. The paradox of 
lacking direct addressing of tolerancing topics is seen in any 
products need for a clear manufacturing description which 
includes deliberately set tolerances. Recent PD-models are 
reviewed structurally by Horvàth [31], which sees an 
increasing focus on human relations in engineering design. 
Seeing PD as an integrated activity with participants from 
different disciplines is well known since [33] & [34]. 
A gap between two traditions in the PD literature appears; 
First, the “process and human oriented” branch represented by 
(but not limited to) [35], [36] focusing on development 
processes, innovation and collaboration but lacking a direct 
focus on tolerances. Important tolerance engineering activities 
are so “hidden” within the activities of embodiment design or 
detail design in the respective PD models [32]. Secondly, the 
“tools oriented” tolerancing literature which often sees 
tolerances as a communication language [37], object for 
optimization [38] or a topic for norms [39], hardly focusing 
on human aspects. Tolerances and participating engineers (the 
humans) are present in both branches of literature but are 
seldom addressed simultaneously and directly, but with some 
exceptions [40]. The gap between traditional tolerance -
engineering literature and human oriented PD-literature 
provides a potential area to improve the understanding of 
tolerance specification activities. 
2.3. Tolerance Specification 
Described by [2] tolerance specification relate to how to 
specify tolerance types and values. It has long  been a scarcely 
researched topic with limited attention in historical reviews 
[41], [42]. Contributions have focused on the use of tolerance 
standards and norms [43] and so scarcely covered the topic. 
Recent PD-research to a large extent has applied an extended 
set of research approaches of a descriptive nature [44] and so 
yielded another kind of insight into engineering behavior [36]. 
So we question whether sufficient aspects of tolerance 
specification currently are understood and communicated. 
Altogether tolerance specification follows several stages; 
(a) From functional requirements to Tolerances; Any PDP 
starts with the definition of measurable or non-measurable 
requirements describing the qualities of the product. 
Distinguishing functional (must do`s) from non-functional 
requirements (qualities) [45] is one categorization. For this 
paper we let functional and measurable requirements gain 
focus. Those are defined by [46] to be “an unambiguous 
agreement on what the team will attempt to achieve in order 
to satisfy customer needs”. However; “it is rarely possible” 
for technology-intensive products. In the process of clarifying, 
understanding, and translating requirements to technical terms 
tolerances (see; (i), (ii) in [2]) are inevitabaly a valuable tool 
to transfer ambiguous requirements to measurable criteria. 
(b) Linking tolerances with process capabilities. The 
normative nature of tolerances and the empirical values of 
process capabilities are closely interlinked. Measurements and 
quality conformance metrics (i.e. Cpk) express variation levels 
against control-limits [47] (see; (v) &(vi) in [2]). 
(c) The link between Tolerances and Product Performance. 
Designing physical products for a desired product 
performance requires measurements on different technical 
scales (e.g. output, reliability, precision). Product performance 
will vary dependent on manufacturing process variation in a 
long cause-effect chain is often complex and challenging to 
follow. Critical Parameter Management (CPM) [48] is one 
technique to understand the relative contribution of different 
parameters to the overall variation in product performance. As 
the final product originates from several manufacturing 
processes (each varying), CPM supports understanding of 
interdependent variation of multiple parameters (see; (vi) & 
(vii) in [2]). 
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3. Methodology 
This industrial based longitudinal case study draws on 
empirical data following an industrial project over approx. 
two years. This research was carried out in Norway at a 
company specialized in the development and manufacturing 
of rocket engines, and other high precision aerospace and 
defence products. The selection of this case company is 
appropriate, as a large amount of its manufacturing processes 
are related to high precision manufacturing and it also 
manufactures products with a high demand on reliability. The 
RQ: “How does variation analysis support tolerance 
specification during collaborative PD” was addressed 
through project meetings, subsequent in-depth interviews with 
project engineers and other secondary data. The authors of 
this paper had roles involving simulation tool applications 
within the project and as an independent researcher accessing 
project meetings, observations and interviews with key 
participants. The first researcher provided in-depth 
understanding of how simulations as a tool* served as a 
collaborative midpoint for tolerance engineering. Design 
principles are represented with reduced complexity and made 
anonymous due to non-disclosure aspects. 
3.1. Activities of Closed Loop Tolerance Engineering 
The findings are presented according to the CLTE model 
(Fig.1), particularly focusing on transitions between activities 
and how collaboration on variation analysis supported 
tolerance specification and transitions in CLTE activities. 
 
Fig. 1. The CLTE-model 
This research explores the relevance of the CLTE-model 
previously articulated in [49], and applied in [50], but now 
from the PD-perspective with a focus on tolerance 
specification complexity supported by variation analysis. The 
CLTE-model displays how good tolerance engineering ranges 
over several central activities in PD and emphasizes its 
integrated nature and the need to focus on the human aspects 
beyond the technical tools.  
CLTE so reduces the complexity of any PDP into four 
phases of tolerance engineering which represent engineering 
activities focusing directly on tolerances. Therefore 
tolerancing is here seen as a subset of tolerance engineering 
activities, where tolerances are the subject of collaboration. 
                                                          
*
 This study used the Siemens` Vis-VSA software for the variation analysis. 
4. Results 
We studied collaborative tolerance specification on solid 
propellant rocket motor design. Typical functional 
requirements for a rocket motor include, among others, 
documents for Interface Control, Thrust Vector (TV) 
alignment, centre of gravity and the choice of materials. Some 
of these requirements are in conflict with each other and it is 
necessary to make a compromise. The design process of a 
rocket motor has several characteristics making it an ideal 
case study to display the use (and potential benefits) of 
collaborative tolerance engineering. First, the rocket motor 
has strict requirements on functional performance. Second, 
the complex design considerations in a real project can be 
simplified in a fairly easy way to a generic model showing the 
major functional principles and its most important elements. 
Third, the rocket motor [51] has both costly components and a 
long lead time on these hardware components, making the 
alternative activity of physical testing of prototypes both 
lengthy, costly, and cumbersome. The complexity of the case 
study can easily be underestimated, as the TV-alignment 
looks like a simple geometric property. However the multi-
disciplinary requirements on the performance of all the parts 
and joints involved add up to a complex problem when safe 
operation of the rocket motor has to be guaranteed under all 
conditions as well. Cost-, time-to-market-, and marketing etc. 
are left out of the research scope. 
The process of developing a new product includes several 
considerations related to the tolerance specifications of these 
products. Choosing the wrong tolerance limits can lead to 
increased manufacturing difficulties and possibly not 
fulfilling functional requirements. The underlying practical 
engineering problem is to ensure that reasonable and relevant 
tolerance limits correspond to manufacturing capabilities and 
provide the correct product performance. A commercially 
available software package for variation analysis was applied 
in this process. This tool operates in a 3D environment and 
performs the variation analysis with Monte Carlo simulations 
of parameter values between user defined limits. The output 
from the analysis is displayed as variation on user specified 
probes, where the user applies a set of GD&T constraints to 
the model. One of the most valuable software features used in 
the case study was the so-called contributor list which 
displays the impact of a single tolerance on a multi tolerance 
problem set. We present how tolerance specification was 
carried out and apply the CLTE-model (Fig.1) to explain the 
transitions. 
4.1.  From Functional requirements to Tolerancing 
A common understanding on the functional requirements 
of the product was created at the initial stage of the PDP 
through a kick-off meeting. A group of approx. 30 employees 
from the functional areas; process engineering, manufacturing 
employees/foremen, quality engineers or CMM-lab engineers 
all participated in the 3-day event at an offsite location. The 
product requirements stated by the customer gave the 
engineers a large degree of design-freedom apart from some 
restrictions e.g. the outer dimensions of the rocket. However 
the alignment of the TV was one of the most important 
requirements to fulfil. It is worth noticing that the verification 
of this requirement via testing is difficult and maybe even be 
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close to impossible. 
With the stated aim of designing a product with a high 
degree of robustness, many processes were scrutinized in the 
search for process improvements and design changes 
supporting simplified processes and robust design. In 
particular the process of manufacturing the so-called blast-
pipe and exit cone were examined in detail. Knowledge was 
utilised from a previous design which had shown costly 
rework and a sensitive product performance and this 
contributed to the choosing of another design for the current 
project. By defining a rough tolerance-model of the product 
concept, it was possible to determine the relative impact of 
different parameters, exemplified here by the simulations on 
the TV-alignment. 
In terms of cross functional collaboration a particularly 
interesting discussion arose at the meeting. Multiple 
perspectives on which manufacturing process should finally 
define the nozzle throat gave a balanced understanding of the 
impact of either continuing with the traditional design with 
end-stage machining processes (Fig 2, D3), or switching to a 
newer design and processes (Fig 2. D1 & D2). Each design 
impacts on the nozzle throat alignment in a different way due 
to different datum placements, even when assuming that the 
tolerances are identical. Further examination of design 
alternatives proved that the TV- alignment not required the 
costly D3 as processes in D1 & D2 showed the required Cpk. 
 
Fig. 2 Principle nozzle design options with identical  
tolerances and different datum position 
 
Top level product requirements from the customers were 
internally translated into the lower level of technical 
tolerances related to parameters such as wall-thicknesses 
(influencing structural stiffness), insulation thicknesses 
(required for thermal insulation) and sealing design 
parameters (required for resisting internal motor pressure). 
Cross functional cooperation on tolerances was performed 
between different engineering disciplines. This included the 
analysis for structural strength and stiffness as well as 
thermal- and ballistic analysis. It was possible to achieve a 
tight collaboration on requirements between the strength 
analysis (determining wall thicknesses, the thermal analysis 
(insulation thicknesses), and the ballistic analysis (structural 
shape of the propellant). Variation analysis was done in 
parallel with other disciplines and results from all disciplines 
were successively consolidated towards the numerous 
requirements. Variation analysis so supported the transition 
from functional requirements into a product with a defined set 
of tolerances based on the main points in Table 1. 
Table 1. Examples where variation analysis supported CLTE-transition #1 
Topic: Positive contribution of Variation Analysis 
Conflicting req. Supported the identification of critical parameters  
Translating req. Supported decisions settling internal specifications 
Cross functional  Done in parallel with thermal & structural analysis 
4.2. From Tolerancing to Process Capabilities (and back) 
The use of variation analysis had already contributed to 
concept selection and further supported the work on process 
improvements. TV- alignment is to a large extent determined 
by the interfaces displayed in Fig. 3. 
 
 
Fig. 3 Generic rocket motor design with TV- alignment. 
Variation analysis served the purpose of giving rough 
guidance on the tolerance distribution up until the 
manufacturing of the initial prototype-parts. As the project 
had not yet progressed far enough to draw on “own” 
capability data, knowledge from preceding projects was 
reused. Based on the capability feedback from pre-series 
manufacturing, iterative loops of simulation with improved 
capability data was performed throughout the PDP. Variation 
analysis served as confirmatory tool for accepting the chosen 
manufacturing process or supported the need to change the 
manufacturing process into a process of higher accuracy. With 
increasing amounts of pre-series capability data the 
correctness of the selected tolerances could be confirmed. 
Alternatively, tolerances could be altered in time as the 
experience from the manufacturing of pre-series components 
was available before releasing the drawings to the customer. 
Analysis was also used to gain insight into and the 
understanding of critical parameters through a quantitative 
measure of which parameters contribute to which percentage 
of the TV alignment. A collaborative decision based on the 
simulation results was made on the widening of the tolerance 
range of some parameters resulting in very minor impact on 
the TV- alignment (or other requirements). On the other hand 
some parameters were tightened as they would have led to a 
TV- deviation beyond critical values. The benefit of utilizing 
a tool for variation analysis throughout the progress of a 
project was clearly shown in project meetings where both 
designers and manufacturing engineers were present. 
Typically the process engineer would state “currently we are 
achieving a Cpk of 0,8 on this measure. We need another 0,05 
Blastpipe shell D1 
D3 
D2 
Aft element 
Joined elements 
Joined elements 
Blastpipe shell 
Blastpipe shell 
Fwd element 
Nozzle 
and 
Exit 
Cone 
center 
point 
varia-
tion Thrust vector defined by 
Nozzle and Exit Cone 
Exit Cone Blastpipe with Nozzle 
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mm tolerance to secure a Cpk of 1,33”. Key project members 
across functional departments could with powerful simulation 
tools carry out discussions based on numbers covering both 
manufacturing variation (Cpk-values calculated in MINITAB) 
and the design engineering department handling the impact on 
product performance (TV- alignment variation by Vis-VSA). 
Table 2. Examples where variation analysis supported CLTE-transition #2 
Topic: Positive contribution of variation analysis 
Cpk history/tracking Accessed updated Cpk data to track improvement 
Identify Critical 
Parameters 
Identification & communication of Critical 
Parameters within collaborative presentations 
Cross functional  Visualized product response on variation 
4.3. From Process Capabilities to Product Performance 
The company in this study uses both large scale CMM in 
dedicated measurement labs, and small shop-floor-CMMs for 
local measurements. The resulting data records from pre-
series and series products are saved into an online Statistical 
Process Control (SPC) database. The production and 
measurement processes for the series production 
demonstrated similar precision as for the initial prototype 
parts. Although the TV-alignment is one of the main 
requirements of the product, verifying it through testing is 
cumbersome. By applying development and manufacturing 
techniques for high precision, the TV-alignment ends up 
being close to perfect. The measurement of very small lateral 
forces (the longitudinal forces are large) is costly and adds 
little value to the project as they won't be available until the 
end. The customer agreed that tolerance simulation was 
accepted as proof of the correct product performance. 
When small deviations which are too late to correct for, or 
too expensive to repair, “use-as-is” decisions can be made. 
This unwanted failure mode causes extra work and 
uncertainty for customer/supplier. “Use-as-is” occurs when a 
parameter is (slightly) outside of its limits of specification. No 
such “use-as-is” failures have occurred on the case project, 
presumed to be as a direct result of the careful consideration 
of process capabilities. A zero-defect product could be 
achieved through a work mode where variation analysis 
supported several stages in the PDP. Robustness was achieved 
through clever selection of datum points as well as insight 
into the critical parameters and their influence variation on 
overall performance in terms of the TV- alignment. 
Table 3. Examples where variation analysis supported CLTE-transition #3 
Topic: Positive contribution of variation analysis 
Measuring the 
immeasurable 
Preliminary customer test acceptance based on 
variation analysis of else immeasurable properties 
“Use-as-is" - effects Utilized Cpk data and ensured manufacturability 
Zero-defect Supported robust designed motor development 
5. Discussion 
Experiences from collaborative tolerance specification of a 
rocket motor have been presented. Throughout the 
development process, computer supported variation analysis 
had been applied. It has been shown how the use of one single 
tool* can serve different tolerance engineering purposes 
related to tolerance-schemes [4], -transfer [19], -analysis, & -
synthesis throughout the project, and how it fits the CLTE-
model (Fig.1). The use of variation analysis is established 
within industry but we here highlight the benefits and 
advantages variation analysis holds in communicating 
tolerance topics across department borders, to customers and 
internal management. It has been shown how the tool assisted 
the choice of design principles by supporting a shared 
understanding of functional requirements with calculated data. 
The variation analysis was mostly shown in meetings of 5-
10 people from different disciplines such as process 
engineering, manufacturing employees and foremen, quality 
engineers or CMM lab engineers. The usefulness of direct 
contact between engineering disciplines is supported by [36] 
who also highlighted the efficiency of “expert dialogues” as 
they enable the asking and answering of questions in the right 
engineering context, something a database/computer system 
cannot do properly [11]. The importance of holding a focus 
directly on tolerances throughout PDP is supported by [40] 
who sees it as “paramount to its success” of a PD-project. 
By applying one analysis tool at different stages of the 
tolerance engineering process all core employees involved in 
the project were directly confronted with several different 
aspects of variation and its direct link to the tolerances. So; 
variation and tolerances became integrated concepts in the 
overall tolerance specification activities. No known 
computerized system yet unites the wide span of the product 
lifecycle [11] so intensive human support is crucially needed 
for PD-success. The communication of this information made 
discussions on tolerances open to a broader set of employees. 
Communicating analysis results in customer meetings and at 
critical design reviews justified the resources spend and 
provided a technical design only possible if not applied from 
considerably larger resources.  We see variation analysis as a 
natural and integral part of a PDP, and that at an early-stage 
collaborative gatherings provide input for the analysis which 
again generates useful project knowledge. 
6. Conclusions 
In spite of vast amounts of tolerancing research less 
descriptive research has aimed to provide understanding of 
how tolerance specifications are practiced within industry. 
This longitudinal case study of a rocket motor describes how 
variation analysis supported tolerance specifications in 
different stages of a PDP. The CLTE-model guides this 
research and project transitions are explained according to 
this. Although tolerance specification is defined as one of 
seven tolerancing categories in [2] we see that tolerance 
specification applies input from other disciplines such as 
schemes, transfer, analysis & synthesis. As the crucial task of 
tolerance specification is done within the PD-team we argue 
that variation analysis improves the quality of tolerance 
specifications when done in a collaborative, yet fact-based 
knowledge-sharing engineering team. It has been shown how 
the activities leading towards the specification of tolerance 
limits and the collaboration between manufacturing and 
design departments in exchanging process capability data was 
successfully supported by the same simulation tool. 
Subsequent, iterative simulation loops used capability data 
from existing data of real parts towards the verification of 
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functional performance with sufficient product robustness. An 
early verification of the products functional performance 
could be achieved without the use of expensive physical tests 
as the variation analysis provided answers to those questions. 
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